Mouse embryos display a strain-dependent propensity for blastomere cytofragmentation at the two-cell stage. The maternal pronucleus exerts a predominant, transcription-dependent effect on this phenotype, with lesser effects of the ooplasm and the paternal pronucleus. A parental origin effect has been observed as an inequality in the cytofragmentation rate of embryos produced through genetic crosses of reciprocal F 1 hybrid females. To understand the basis for this, we conducted an extensive series of pronuclear transfer studies employing different combinations of inbred and F 1 hybrid maternal and paternal genotypes. We find that the parental origin effect is the result of a transgenerational epigenetic modification, whereby the inherited maternal grandpaternal contribution interacts with the fertilizing paternal genome and the ooplasm. This result indicates that some epigenetic information related to grandparental origins of chromosomes (i.e., imprinting of chromosomes in the mother) is retained through oogenesis and transmitted to progeny, where it affects gene expression from the maternal pronucleus and subsequent embryo phenotype. These results reveal for the first time that mammalian embryonic development can be affected by the epigenotype of at least three individuals. Additionally, we observe a significant suppression of fragmentation by F 1 hybrid ooplasm when it is separated from the F 1 hybrid maternal pronucleus. This latter effect is a striking example of heterosis in the early mammalian embryo, and it provides a new opportunity for examining the molecular mechanisms of heterosis. These results are relevant to our understanding of the mechanisms of epigenetic effects on development and the possible fertility effects of genetic and epigenetic interactions in reproductive medicine.
INTRODUCTION
Life begins as a cooperative venture between two gametes, each fated separately to die. Once the gametes are united, the first requirement on the path to normal development is to suppress or override the molecular and cellular predisposition toward death. As a truly cooperative venture, one can hypothesize that both gametes may contribute information in the form of various macromolecules as well as developmental programming of the parental genomes, and that such information plays a vital role in diverting the zygote from a pathway leading to death to one leading to the creation of a new life.
Subsequent processes in the early embryo promote DNA replication, cell cycle progression, transcriptional activation, translation and degradation of maternal mRNAs, and the correct and timely activation of gene transcription. The interactions between maternal and paternal components of the zygote are, therefore, highly complex, affecting essentially every cellular process. The molecular basis of these interactions is poorly understood, and little is known about how some of these early interactions affect long-term developmental potential.
Defects in the suppression of cell death can lead to apoptosis in early embryos [1] [2] [3] [4] [5] . Apoptotic processes in early embryos include cytofragmentation and cytoplasmic blebbing, DNA fragmentation, changes in mitochondrial membrane polarity, cytochrome c release, annexin V exteriorization, and cellular degeneration [6] [7] [8] [9] [10] [11] [12] [13] [14] . Such processes are frequent among human embryos. More than 88% (203 of 229) of ''spare'' human embryos made by in vitro fertilization displayed fragmentation in one study, and half fail to develop to blastocyst stage [7] . Recent studies revealed that fragmentation reduced competence to form blastocysts in culture [15] . Fragmentation also occurs in other species, including cow [11, 12, 16] and mouse [2, 3, 5, 8] , providing animal models for understanding the mechanisms that either promote or inhibit the process.
Apoptosis and cytofragmentation are most often observed around the time of transcriptional activation of the embryonic genome [2, 3] . It is believed that early gene transcription promotes the accumulation of antiapoptotic gene products that suppress apoptosis and cytofragmentation, and that failure to do so constitutes one mechanism of early embryo quality control [2, 3, 6] . Not all of these processes must necessarily accompany one another, however, and cytofragmentation has been observed in the absence of other hallmarks of apoptosis [17] . One study reported that chemical inhibition of caspase activity did not affect cytofragmentation [5] , indicating that cytofragmentation may not be obligatorily linked to other apoptotic events. Moreover, the various components of molecular pathways mediating apoptosis may not be expressed equally between embryonic blastomeres and somatic cells. The early embryo may lack some components of the apoptotic pathways, or express a unique array or alternative forms of such proteins.
The embryo has three potential sources of molecules that could affect the incidence of apoptosis and cytofragmentation: maternal protein stores, maternal mRNAs that can be recruited for translation, and embryonic transcripts produced from either maternal or paternal chromosomes. As a result, the incidence of cytofragmentation may be influenced by components of the ooplasm or by products encoded by either maternal or paternal genomes. The information contributed by each of the two gametes must be encoded in the genome, and therefore may be subject to genetic variability. One would predict, therefore, that certain genetic combinations might favor early embryo survival, whereas other genetic combinations might predispose the embryo to early demise. Consequently, the cellular integrity and viability of the embryo during the immediate postfertilization period should be affected by the genotype of both parents (i.e., both gametes). Available data indicate that, indeed, both maternal and paternal genetic factors control the frequency at which embryos undergo apoptotic processes. Mathematical modeling reveals that, although cell loss in the human embryo does not begin until the eight-cell stage, the propensity to undergo cell loss and arrest is most likely established in the one-cell embryo [18] . Extrinsic factors, such as culture conditions, and maternal age may also affect the incidence of cell loss in a subpopulation of embryos [1, 3, [19] [20] [21] .
Genetic systems provide powerful tools for understanding early embryogenesis and the clinical aspects of infertility. In the mouse, apoptosis is most often observed at advanced cleavage stages and in blastocysts, where it is influenced strongly by growth factors [1, 19] . However, blastomere fragmentation also occurs at the one-cell and two-cell stages, and is subject to genetic effects [2, 3, 17, 22] . A significant effect of paternal genotype on fragmentation in mouse one-cell embryos was reported [2, 3] . More recently, we observed a significant effect of paternal genotype on fragmentation at the two-cell stage in crosses involving C57BL/6 and C3H/HeJ strains [17, 22] . The maternal genotype exerts an even stronger effect. Embryos from C3H/HeJ mothers display a higher incidence of cytofragmentation at the two-cell stage than embryos from C57BL/6 mothers, and maternal pronuclear (PN) transfer studies revealed that the maternal PN exerts the predominant effect on cytofragmentation within the context of inbred genetic backgrounds [22] .
Interestingly, reciprocal F 1 hybrid females made with these two strains yield embryos that display unequal rates of cytofragmentation [17] . Because the oocytes of the reciprocal F 1 hybrid females transmit both maternal pronuclei and mitochondria of different genetic origins, this result signifies a parental origin effect related either to genomic imprinting or to mitochondrial genotype. Either explanation for the parental origin effect would provide crucial new insight into the biology of early embryos and the potential causes of cytofragmentation clinically.
Collectively, these results indicate that all components of the fertilized embryo, that is, maternal and paternal pronuclei, ooplasm, and mitochondria, may contribute to the control of blastomere cytofragmentation in the early embryo. The details of these interactions, however, have remained uncharacterized. Paternal PN transfers testing whether ooplasmic effects during PN formation contribute to later fragmentation rates have not been performed. Whether a mixture of ooplasm can affect fragmentation has not been tested. Most importantly, the basis for the parental origin effect has not been examined. To address these questions, we conducted an extensive series of PN transfer and ooplasm transfer studies using many different combinations of inbred strain and F 1 hybrid genotypes in order to test systematically the contributions of each component (maternal PN, paternal PN, ooplasm) to embryo phenotype. We report here that early interactions between the ooplasm and paternal PN revealed by ooplasm transfer and paternal PN transfer can exert subtle effects on the rate of fragmentation. More importantly, we provide new results related to the parental origin effect. We find that the parental origin effect is not the result of mitochondrial origin, but rather is the result of epigenetic modifications that act transgenerationally. The maternal PN retains predominant control over cytofragmentation, but the grandpaternal origin of chromosomes transmitted via the maternal PN influences embryonic phenotype strongly. The maternal transmission of grandpaternal epigenetic information indicates that paternal epigenetic information is retained by the maternal genome through oogenesis. This information is able to affect gene expression from the maternal genome in the zygote. Additionally, we observe a striking suppression of cytofragmentation rate by F 1 hybrid ooplasm when separated from the F 1 hybrid maternal PN, indicating that the ooplasm is subject to heterosis. These results lead us to a new model of genetic and epigenetic control of cytofragmentation in the early embryo.
MATERIALS AND METHODS

Mice, Embryos, and Embryo Culture
Mice of the C57BL/6 strain (hereafter referred to as ''B6'') were purchased from Harlan Sprague Dawley (Indianapolis, IN). Adult C3H/HeJ (hereafter referred to as ''C3H'') mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Unless otherwise indicated, females (8-15 wk of age) were superovulated by injection of 5 IU eCG (Calbiochem, San Diego, CA) followed 48 h later by 5 IU hCG (Sigma-Aldrich, St. Louis, MO), and then mated (males .10 wk of age). Some control studies employed either spontaneous ovulation or a dosage of 10 IU of each gonadotropin. All studies adhered to procedures consistent with the National Research Council Guide for the Care and Use of Laboratory Animals.
Embryos were isolated at the one-cell stage, approximately 19 h after hCG. Cumulus cells were removed by digestion with hyaluronidase (500 IU/mg, 120 IU/ml; ICN Pharmaceuticals, Costa Mesa, CA) in M2 medium at room temperature. Embryos were cultured in CZB medium as in the previous studies [17, 22] . Any unfertilized eggs or morphologically abnormal embryos were removed. Maternal and paternal PN transfers were performed as described [22] . Ooplasm transfer was performed using identical procedures, except that cytoplasts (10 lm diameter) were transferred from donor embryos to recipient embryos. Schematic diagrams of breeding crosses, pronuclear transfer, and ooplasm strategies (.7000 total PN and ooplasm transfers completed) are provided (Figs. 1-5 ). The polar bodies were removed during PN transfer. Electrofusion (900 V/cm, 10 lsec, one pulse) was performed in fusion medium (275 mM mannitol, 0.05 mM CaCl 2 , 0.10 mM MgSO 4 , 0.3% BSA). Only constructs that fused after a single pulse and yielded single-cell, intact embryos were retained for the analysis. After PN transfer, embryos were returned to CZB medium and cultured overnight as described [17, 22] .
Analysis of Cytofragmentation
Embryos were examined using 3203 magnification, phase-contrast microscopy, and were scored as either unfragmented or with fragmentation graded into three categories as described [22] . Briefly, grade 1 fragmentation referred to embryos with one or more small cytofragments smaller than the size of a polar body and often clustered at one or both poles or in the crevice between blastomeres; grade 2 fragmentation referred to embryos having many more fragments accounting for an equivalent of less than one half the volume of a blastomere; and grade 3 referred to embryos with a total volume of fragments being approximately one half of one blastomere or greater. The proportion of embryos falling into each category was recorded.
Statistical Analysis
Each experimental manipulation or breeding cross was conducted numerous times to produce a statistically large number of embryos of each class. The numbers of embryos thus analyzed provide sufficient statistical power for discerning small differences in overall fragmentation rates. The overall proportion of embryos of each fragmentation grade and the total proportion of fragmented embryos were calculated for each embryo class. The significance of differences in the incidence of fragmentation between classes of embryos was evaluated using a chi-square test of independence applied to the total number of embryos obtained for each class.
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RESULTS
Role of Maternal Pronucleus and Epigenetic Mechanisms in Controlling Cytofragmentation
We reported that the incidence of cytofragmentation is predominantly controlled by the maternal pronucleus (PN; Han et al. [22] , reproduced here in Fig. 1 and Table 1 ). The presence of a B6 maternal PN leads to cytofragmentation rates between 6.7% and 8.8%, whereas the presence of a C3H maternal PN leads to much higher cytofragmentation rates between 16.4% and 21.2% (P , 10 À6 ). These studies with inbred mice demonstrated little or no effect of the ooplasm (note that the equivalent of complete ooplasm exchange has little effect on fragmentation rate-compare line 1 with line 4, and line 7 with line 8 in Table 1 ) or the paternal PN strain of origin. We also reported that this early effect of the maternal PN is sensitive to a-amanitin, and thus is transcription dependent [22] . Alphaamanitin sensitivity indicates that the cytofragmentation phenotype is controlled by one or more products encoded by the maternal PN during the one-cell or early two-cell stage, making this one of the earliest documented effects of the embryonic genome on embryo phenotype.
We conducted additional studies employing ooplasm transfer and paternal pronuclear transfer to test whether a mixture of different ooplasm affects outcome and whether ooplasmic effects on paternal PN could affect outcome (Tables   2 and 3 ). These studies confirmed the predominant role of the maternal PN. Although subtle effects of these manipulations on the severity of the cytofragmentation phenotype were seen in some instances, indicative of interactions between the ooplasm and the paternal pronucleus, the total rates of cytofragmentation were generally unaffected (Figs. 2 and 3; Tables 2 and 3) . With paternal PN transfer, the total G2 þ G3 cytofragmentation rates were affected significantly in both experiments (CCC/B vs. CCC/C and CCB/B vs. CCB/C) by whether the paternal PN formed within a B6 or C3H ooplasm within same embryo genotype (Table 3) . No consistent effect was seen on total rate of fragmentation; CCB/B was greater than CCB/C; however, CCC/B was not greater than CCC/C. These results reveal a subtle effect of the ooplasm on paternal PN function, leading to a limited degree of paternal PN effect on cytofragmentation phenotype.
Another factor that could contribute to the effect of the maternal genotype is the response to the superovulation protocol. We evaluated this possibility by employing two different doses of hormones and then comparing rates of cytofragmentation among embryos produced with different combinations of maternal and paternal strains (Table 4) . Neither B6 nor C3H females displayed any statistically significant difference in the total incidence of cytofragmenta- Cytoplasts were approximately the size of a polar body. The combinations of recipient ooplasm, donor ooplasm, maternal PN, and paternal PN are shown below the embryos, and are those used in Table 2 . 640 tion following spontaneous ovulation compared with superovulation with 5 IU hormones (the dose employed for all previous studies). For both strains of female, the rate of cytofragmentation was elevated significantly to a similar degree (2.7-fold and 2.6-fold for B6 and C3H homozygous matings, respectively) using 10 IU hormones for superovulation compared with spontaneous ovulation. This difference between 5-and 10-IU doses was seen in all but one combination of maternal and paternal strains (B63C3H). To avoid the effect of the higher hormone dose and to maintain consistency with previous studies, only the 5-IU hormone dosage was used for all other experiments employing superovulation.
We also reported a significant parental origin effect on cytofragmentation, with reciprocal F 1 hybrid maternal genotypes yielding significantly different rates [17] . This effect could be the result of either an epigenetic effect within the embryonic genome, or an effect of the mitochondria. To discriminate between these possibilities, we constructed by PN transfer females that were B63C3H genetically but possessed C3H mitochondria, and we compared the rates of cytofragmentation among embryos from these females to normal F 1 hybrid females (Table 5) . We can exclude an effect of maternal mitochondrial origin, because nuclear transfer F 1 hybrid females possessing the maternal genome of one strain but the mitochondria of the opposite strain yield embryos that fragment according to the maternal nuclear genotype ( Fig. 4 and Table 5 ). Specifically, females that are genetically BC but possess C3H mitochondria yield embryos fragmenting at the same rate as normal BC females.
Nuclear Versus Ooplasmic Basis for Parental Origin Effect
The parental origin effect, therefore, combined with the dominant effect of the maternal PN on cytofragmentation, indicated a novel and important role for an epigenetic mechanism, that is, genomic imprinting, in controlling the cytofragmentation rate. Our objective here was to define the specific interactions through which these epigenetic effects are mediated. We wanted to determine whether the parental origin effect is a property of the ooplasm or of the maternal PN; that is, whether the product of the imprinted gene was present in the ooplasm, expressed from the embryonic genome, or both. We produced a series of embryo constructs possessing different combinations of F 1 ooplasm, F 1 or inbred maternal PN, and inbred paternal PN, including combinations that separated the F 1 ooplasm from the F 1 maternal PN (.2800 maternal PN transfer constructs total, employing F 1 hybrid oocytes). The effects of F 1 maternal PN are presented in Table 6 , and the effects of F 1 ooplasm are presented in Table 7 ( Fig. 5) . In addition, a summary of the effects of each manipulation on the expected cytofragmentation rate is presented in Figure 6 , where the origin and direction of each vector are the departures from the expected cytofragmentation rate, and the length of each vector is proportional to the strength of the effect of each manipulation. It should be noted that all of the data provided in Tables 1, 6 , and 7 and in Figure 6 are from maternal PN transfer embryos, allowing these experiments to be compared directly to each other and eliminating the microsurgical procedure itself as an experimental variable.
A significant parental origin effect is observed in constructs possessing reciprocal F 1 hybrid maternal PN. This effect is most apparent when the paternal PN is of C3H origin and the ooplasm of B6 origin (lines 3 and 4, Table 6 , and vectors 12 and 13, Fig. 6 ). In these constructs, the combination of a BC maternal PN and a C3H paternal PN yields a synergistic increase in the total rate of fragmentation, with a value greater than the sum of individual effects of a BC maternal PN and a C3H paternal PN (compare line 4, Table 6 , with the sum of line 2, Table 6 and line 3, Table 1 ; or compare sum of vectors 1 and 11 with vector 13, Fig. 6 ). Overall, the effect of the combination is to raise the rate of cytofragmentation by nearly 3-fold over the rate seen with all B6 components ( Table 1 , line 1), and to produce an overall difference in fragmentation rate that is more than three times greater than the sum of differences seen with the C3H paternal PN and C3H ooplasm alone. If there were no grandparental origin effect (i.e., maternal and paternal alleles functioned identically in the oocyte), there would be no difference between the two reciprocal F 1 hybrid maternal PN. Contrary to this prediction, we note that the synergy between the combination of B6 ooplasm, CB maternal PN, and C3H paternal PN is much reduced (compare line 3, Table 6 , with the sum of line 1, Table 6 and line 3, Table 1 ; or compare the sum of vectors 1 and 10 with vector 12, Fig. 6 ) and that there is a significant difference between BC and CB maternal PN effects in combination with B6 ooplasm and C3H paternal PN, indicating that the synergistic increase in cytofragmentation specifically requires the transmission of C3H alleles from the maternal grandfather. We note that there is a trend for the reciprocal effect, wherein a CB maternal PN Table 3 .
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interacts more strongly with a B6 paternal PN within a C3H ooplasm (compare lines 5 and 6, Table 6 ); however, this does not reach statistical significance. We also note that F 1 hybrid maternal PN can direct higher rates of fragmentation (lines 1 and 2, Table 6 ) than B6 maternal PN in BBB constructs (Table  1) , and lower rates of fragmentation (lines 5 and 6, Table 6 ) than C3H maternal PN in CCB constructs (Table 1) , once again attesting to the major role played by the maternal PN in controlling cytofragmentation. The combined interactions between ooplasm and paternal PN and between maternal grandpaternal alleles and the paternal PN, however, clearly modulate the otherwise dominant effect of the maternal PN.
The dependence of the grandparental origin effect on the ooplasm strain of origin indicates that the ooplasm influences the overall effect of a maternal F 1 PN, and that one would predict that a C3H component in the ooplasm could cooperate with the maternal PN to increase cytofragmentation. An F 1 hybrid ooplasm combined with a C3H maternal PN indeed yields a higher rate of fragmentation than a B6 maternal PN (compare lines 3 and 4 with lines 1 and 2, Table 7 ; compare vectors 17 and 18 with vectors 16 and 19, Fig. 6 ). The effect of F 1 ooplasm, however, is tempered dramatically in three ways. First, F 1 ooplasm has a strongly suppressive effect on cytofragmentation rate, regardless of inbred strain origin of maternal and paternal PN (compare Tables 1 and 7 , and note the magnitude and direction of vectors 16-21, Fig. 6 ). For example, with B6 maternal and B6 paternal PN, F 1 ooplasm reduces the rate of cytofragmentation to less than 2%, compared with 6.7% seen with B6 ooplasm (4.4-fold to 6.9-fold reduction). This indicates that there is a nonadditive effect of an F 1 genotype on ooplasm properties indicative of heterosis; in other words, the F 1 phenotype is not characteristic of either parental strain and is not intermediate between the two parental strains. Second, there is an apparent interaction between the F 1 hybrid ooplasm and the paternal PN. Either CB or BC ooplasm, combined with a C3H paternal PN, yields a significantly greater (4.5-fold, and 4.7-fold, P , 0.005 and P , 0.04, respectively) rate of cytofragmentation than the same Table 7 ). The most unfavorable combinations tested, F 1 hybrid ooplasm with a C3H paternal PN, in fact yield the greatest rates of fragmentation, even with a B6 maternal PN present (lines 5 and 6, Table 7 ; vectors 18 and 21, Fig. 6 ). Thus, the normally dominant effect of the maternal PN is overcome by the F 1 ooplasm suppressive effect, so that the ooplasm-paternal PN interaction can be revealed (again, compare vector 16 with 18 and vector 19 with 21, Fig. 6 ). Moreover, a maternal C3H PN does not direct the typical high rate of fragmentation with F 1 ooplasm as seen with inbred ooplasm, with F 1 ooplasm suppressing fragmentation by as much as 5.4-fold (compare vectors 17 and 20 with vector 4, Fig. 6 ; see also lines 3-4, Table 7 , and lines 5-8, Table 1 ). Third, the BC ooplasm displays 1.5-fold to 1.6-fold greater rates of cytofragmentation than the CB ooplasm in two of the three manipulations (compare vector 19 with 16, vector 21 with 18, and vector 20 with 17, Fig. 6 ), but this effect does not reach statistical significance in any of the three maternal-paternal genetic combinations. Thus, the parental origin effect observed in crosses with reciprocal F 1 mothers is masked by the F 1 ooplasm suppressive effect.
DISCUSSION
The studies presented here encompass an extensive series of pronuclear transfer experiments to test the specific effects of genetic origin and composition of maternal and paternal PN, mitochondria, and ooplasm on the blastomere integrity of mouse two-cell stage embryos. The data reveal a number of novel epigenetic and genetic effects on this early embryonic phenotype not observed previously, most notably synergistic interactions between both PN and the ooplasm, a parental origin effect dependent upon the genetic origin of the embryo's maternal grandfather, and a hybrid vigor effect of the ooplasm.
Predominant Effect of the Maternal PN
We demonstrated previously that the maternal PN exerts the greatest control over cytofragmentation rate, and that this effect Table 5 .
is sensitive to a-amanitin, indicating that it depends on gene expression from the maternal genome at the late one-cell or early two-cell stage (Han et al. [22] and vectors 1-9, Fig. 6 ). This result indicates that one or more genes expressed exclusively or predominately from the maternal PN control cytofragmentation in the early embryo. These genes may either be imprinted or reside on the X chromosome. The strain difference that is observed between C3H and C57BL/6 maternal PN may thus reflect strain-specific or genetically polymorphic imprinting, as has been seen in other situations (Xu et al. [23] ; review, Latham [24] ), or a difference in allele activity or function between the two. Resolution of this point awaits the eventual identification of the affected gene(s) and characterization of their chromosomal locations and mechanisms of regulation.
Transgenerational Contribution to the Maternal PN Effect
The effect of the maternal PN is further dependent upon a transgenerational epigenetic effect, wherein genes derived from the maternal grandfather comprise critical determinants of cytofragmentation (vectors 10-15, Fig. 6 ). An F 1 hybrid maternal PN shifts the phenotype toward values intermediate between the two parental strains. This effect is modest when the paternal PN is of B6 origin, but much more pronounced when the paternal PN is of C3H origin. The selective ability of the maternal grandpaternal allele to exert these effects implies transmission of epigenetic information (imprinting) through the oocyte to the embryo. Consequently, it is clear that the phenotype of early mouse embryos is determined by at least three distinct epigenomes: maternal, paternal, and maternal grandpaternal.
Transgenerational effects via epigenetic mechanisms affecting specific genes have been described elsewhere. For example, the DNA methylation state of a retrotransposon within the Axin1
Fu allele can be transmitted to progeny via either oocyte or sperm, and this epigenetic state is sensitive to genetic strain [25] . Similarly, the DNA methylation state of the endogenous IAP retrotransposon at the mouse agouti viable yellow (A vy ) locus, also sensitive to genetic strain, can be transmitted to progeny via the oocyte [26, 27] . Maternal dietary supplementation of methyl donors can affect the DNA methylation state of the A vy and Axin1 Fu loci [26, 28] ; however, this dietary effect is not cumulative across generations [29] . In humans, paternal cigarette smoking and diet exert sexdependent transgenerational effects [30] , and grandparental effects related to undernutrition are seen in the grandchildren of victims of the Dutch famine and in rat studies [31] , which likely involve one or more epigenetic mechanisms. Other transgenerational epigenetic effects, likely heritable epimutations [32] or possible failures to reestablish the proper epigenetic state [33] , have been postulated in some human disease phenotypes [34] [35] [36] and with the mouse metastable epialleles discussed above. The unexpected phenotypes observed in both the human disease examples and with metastable epialleles have been suggested to appear as a result of failure to reset genome imprints completely; that is, as a * Embryos from C3HxC3H, C3HxB6, and B6xB6 crosses using superovulated females (5 IU hormone dose) were subjected to ooplasm transfer as described in Materials and Methods. Abbreviations correspond to Recipient/Donor Ooplasm-Maternal PN-Paternal PN in Figure 2 . z Fragmentation grades are described in Materials and Methods. Figure 3 . Fragmentation grades are described in Materials and Methods. z G2þG3 cytofragmentation rates affected significantly by whether the paternal PN formed within a B6 or C3H ooplasm. a,b Different superscript letters indicate significant differences (P , 0.005) as determined by chi-square test. The BC MitoC mothers of these embryos were produced by transferring B6 maternal PN into C3H3C3H embryos (maternal C3H PN removed), followed by embryo transfer to produce adults; the oocytes from these females are thus genetically BC, but have mitochondria from the C3H strain (see Figure 4) . a,b Different superscript letters indicate significant differences within a column (P , 0.05) as determined by chi-square test.
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result of an abnormal process. It is also noteworthy that some epigenetic distinction is maintained between maternal and paternal alleles long after differential methylation differences have been eliminated during both normal spermatogenesis [37] and oogenesis [38] , so that one parental allele consistently undergoes its final DNA methylation modification ahead of the other, again indicating that some epigenetic information endures throughout the entire process of imprint erasure and reestablishment, fertilization, and early development. The data presented here reveal for the first time that epigenetic information unrelated to maternal diet or other exogenous factors and transmitted from the maternal grandfather affects embryonic phenotype at the earliest stage when the embryonic genome becomes transcriptionally active. Increased from baseline of 6.7% for BBB; see Table 1  2  B-BC-B  B6  BC  B6  257  16  9.34  3  B-CB-C  B6  CB  C3H  250  11  12.4   a Increased from baseline of 8.3% for BBC; see Table 1  4  B-BC-C  B6  BC  C3H  216  9  19.44   b   5  C-BC-B  C3H  BC  B6  259  16  10.42 Decreased from baseline of 16.4% for CCB; see Table 1  6  C-CB-B  C3H  CB  B6  205  15 12.68 * Abbreviations correspond to Ooplasm-Maternal PN-Paternal PN in Figure 5 . a,b Values are significantly different between BC and CB maternal PN (P , 0.05) as determined by chi-square test. Reduced from baseline of 7.9-8.3% for BBC and CBC; see Table 1  6 BC-B-C BC B6 C3H 225 9 7. FIG. 6. Quantitative effects of pronucleus and ooplasm strain of origin on cytofragmentation in maternal pronucleus transfer studies. The parental rates of cytofragmentation for B6 and C3H strains are indicated (6.7% and 19.6%). The effect of each manipulation is represented by a vector, where the origin and direction of each vector is the observed departure from the cytofragmentation rate expected and the length of each vector is directly proportional to the strength of the effect of each manipulation. In general, addition of C3H alleles into the pronuclei enhances the rate of fragmentation above the B6 parental level, whereas addition of B6 alleles suppresses fragmentation below the C3H parental level. Note the synergistic effect of a BC maternal pronucleus and C3H paternal pronucleus (vector no. 13), which is greater than the sum of individual effects of BC maternal PN (vector no. 11) and C3H paternal PN (vector no. 1). This degree of synergy is not seen with a CB maternal pronucleus (vector no. 12), revealing the novel transgenerational effect of the maternal grandpaternal genome. Note also the hybrid vigor effect observed with F 1 ooplasm when separated from F 1 maternal PN (vector nos. 16-21), which suppresses fragmentation.
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Our data significantly extend observations of transgenerational effects. First, our results demonstrate a novel transgenerational effect of the maternal grandpaternal epigenome, yielding a quantitative trait affecting early embryo phenotype. We note that the maternal grandpaternal strain of origin can yield visible effects on the phenotype at a rate of up to 20% of embryos. We note, further, that reciprocal effects of the alternate grandpaternal alleles could also exist but may not be evident, potentially affecting an equivalent or greater fraction of additional embryos in each generation. This effect could be mediated by a single gene neighboring a retrotransposon, as seen with Axin1
Fu and A vy , or could reflect direct epigenetic effects on one or more endogenous genes. Second, our results demonstrate that such transgenerational effects can be manifested from the very earliest time of embryonic gene expression, and do not require further epigenetic changes as development progresses. Third, our results demonstrate interactions between the maternal grandpaternal epigenome and the ooplasm and fertilizing sperm pronucleus. The dependence of transgenerational epigenetic effects on interactions between the two parental genomes and nuclear-cytoplasmic interactions is novel and adds a significant new aspect to understanding how transgenerational effects are mediated.
Ooplasm Hybrid Vigor Effect
We also observe a novel and striking example of hybrid vigor, with F 1 ooplasm of either type (BC or CB) markedly suppressing the incidence of fragmentation when separated from the maternal F 1 PN. This effect is highly significant, in that it eliminates the normally predominant effect of the maternal PN (note magnitude and direction of vectors 17 and 20, Fig. 6 ) and unmasks interactions between the ooplasm and the paternal PN (compare vector 16 with 18 and vector 19 with 21, Fig. 6 ). This result suggests that the normal function of the maternal PN is to suppress an inherent predisposition of the oocyte and zygote toward cytofragmentation via a transcription-dependent mechanism.
The F 1 hybrid vigor effect observed with the ooplasm constitutes a striking example of heterosis, a process whereby genetic differences between parents can produce synergistic, favorable effects in offspring (hybrid vigor) or unfavorable (outbreeding depression) effects. Hybrid vigor is observed in both plants and animals, but it has not typically been described for the early stages of animal development. One study of interspecies breeding effects in embryos of bovine species failed to disclose a consistent effect; however, it appeared that interbreeding favored the in vitro development of purebred embryos (i.e., akin to outbreeding depression), an effect that may have resulted from differential effects of in vitro culture on the two species of embryos [39] . In mice, F 1 hybrid embryos tolerate in vitro culture better than embryos from many inbred strains, and F 1 hybrid ooplasm is superior to inbred strain ooplasm for cloning by nuclear transfer [40] . Additionally, F 1 hybrid donor cell genomes more readily produce cloned embryos than outbred or inbred donor nucleus strains [40, 41] . Collectively, these observations indicate that hybrid vigor effects can significantly affect oocyte quality and early embryogenesis.
What mechanisms may underlie such effects of F 1 genotypes? Overdominance, wherein different alleles interact more productively with one another than is seen in parental genotypes, is widely thought to contribute to heterosis [42] . In chickens, for example, multiple genes contribute to heterosis in fat content as a quantitative trait [43] . However, other mechanisms may apply. In maize, small-scale deletions or duplications that alter genic content for specific fragments, as well as variations in transposons and repetitive DNA around genes can play a role [44] . Such differences can lead to novel F 1 hybrid gene expression patterns that are nonadditive and outside of the range displayed by the two parental strains. Allelic interactions are required to maintain a repressed state at the purple (pl) locus in maize, and some alleles lack the necessary sequences for this interaction [45] . In Arabidopsis, differential heterozygosity at specific loci is critical for heterosis [46] . The results presented here offer a discrete phenotype in a mammalian system that can be employed for identifying the genes that provide the basis of hybrid vigor, and subsequently identifying the molecular mechanism underlying the process. It is tempting to speculate that heterozygosity may FIG. 7 . Schematic diagram summarizing interactions between maternal and paternal pronuclei and ooplasm affecting cytofragmentation in twocell stage mouse embryos. The initial predisposition toward cytofragmentation is established in the ooplasm. This can occur either before or after fertilization, but is dependent upon the oocyte strain of origin. The predisposition toward fragmentation can be attenuated by heterozygosity during oogenesis, accounting for the observed hybrid vigor effect. This hybrid vigor effect, however, is seen only when the ooplasm is separated from its normal F 1 maternal PN partner. This is most likely because C3H alleles inherited via the maternal PN promote fragmentation, or fail to suppress it fully, when combined with ooplasmic C3H products. The predominant effect of the maternal PN on cytofragmentation, and the absence of this effect when F 1 ooplasm is separated from the F 1 maternal PN, indicate that the primary function of the maternal PN may be to suppress the overall rate of cytofragmentation directed by the ooplasm. This effect is transcription dependent, and it may involve direct effects of maternal PN-encoded gene products on the pathway leading to cytofragmentation. A B6 maternal PN suppresses cytofragmentation much more than a C3H maternal PN, and the latter may actually promote cytofragmentation. The maternal PN effect, however, must also require interactions either between products encoded by the zygotic maternal and paternal PN, or between maternal PN-encoded products and the paternal PN, the overall effect of which is to promote cytofragmentation. This requirement arises from the finding that the parental origin effect seen with CB and BC maternal PN is sensitive to the paternal PN genotype and the ooplasm strain of origin. For example, we observe a strong synergistic interaction between a BC maternal PN and a C3H paternal PN, which clearly indicates interactions between products expressed from these two genomes in the early embryo. Additionally, the ooplasm itself appears to modify the paternal PN to promote cytofragmentation, a subtle effect that is seen in the severity of fragmentation following one combination of paternal PN transfer (Table 3 , compare rows 7 and 8). Additional effects of ooplasm strain of origin are seen in that the ooplasm of one strain tends to increase cytofragmentation when combined with maternal plus paternal PN of the opposite strains (compare lines 1 and 4, and lines 7 and 8, Table  1 ), and also in the effect of transient exposure of the paternal PN to one kind of ooplasm followed by a need to interface with ooplasm of the opposite strain (compare grades 2 and 3 fragmentation, lines 5 and 6, and lines 7 and 8, Table 3 ). GP, grandpaternal. 646 lead to allelic interactions affecting the expression of genes that promote or enhance cytofragmentation and apoptotic processes in the oocyte.
Interactions with the Paternal PN
The transgenerational effect requires interactions between the maternal grandpaternal genetic contribution and the fertilizing paternal genome, with a synergistic interaction between C3H maternal grandpaternal and C3H paternal contributions (compare magnitude of difference between vectors 12 and 13 with magnitude of difference between vectors 14 and 15, Fig. 6 ). This synergy is affected by the ooplasm strain of origin, indicating that all three components of the embryo contribute to the overall rate of cytofragmentation. Additional effects of paternal genotype may exist to account for differences in outcomes of embryo crosses with inbred strains, specifically the increased cytofragmentation in crosses of B6 females with C3H males versus B6 males with no pronuclear transfer [17, 22] . Other results also reveal significant interactions between the ooplasm and paternal PN when this maternal PN effect is ablated. We note that the ooplasm transfer data and the paternal pronucleus transfer data also indicated the existence of ooplasm-paternal PN interactions that were largely masked by the maternal PN effect (Tables 2 and 3 ). The demonstration of ooplasm-paternal PN effects by multiple approaches indicates that these effects are real, and that they likely contribute to the paternal genotype effect seen with crosses employing the C3H and B6 inbred strains (i.e., enhanced fragmentation in embryos from B6 females mated to C3H males, compared with B6 males) [17, 22] . It should also be noted that, although the ooplasmic hybrid vigor effect only became apparent when the F 1 ooplasm was separated from the F 1 maternal PN, the F 1 ooplasm must nevertheless suppress fragmentation, even in the absence of microsurgery, because we see that the synergistic profragmentation effect of a BC maternal PN and a C3H paternal PN is not realized in simple crosses that maintain the F 1 maternal PN-ooplasm combination, and we see that the parental origin effect with a B6 paternal PN is masked when the ooplasm is from an inbred strain instead of from an F 1 strain. A complex set of interactions thus regulates cytofragmentation in the early embryo. These interactions are summarized schematically in Figure 7 .
Understanding Origins of Cytofragmentation
The results presented here also have significant implications for understanding the origin of cytofragmentation phenotypes in human patients undergoing assisted reproduction, where more than 80% of embryos are subject to cytofragmentation [7] . First, our results reveal that high doses of hormones for inducing ovulations can lead to increased rates of cytofragmentation (Table 4) . This may reflect an increased recruitment of oocytes of lesser quality that are predisposed to fragment when the more extreme doses of hormone are employed. Additionally, our results illustrate the importance of maternal and paternal genotype on phenotype, as well as a novel epigenetic transgenerational effect. The latter finding further raises the possibility of environmental factors, such as maternal diet (i.e., availability of methyl group donors) on the cytofragmentation phenotype. Through detailed molecular and genetic studies it should be possible to identify the genes that control the rate of cytofragmentation, and hence develop novel diagnostic tools with which to identify patients that may be at risk for increased cytofragmentation, thus enabling this parameter to be addressed prospectively during assisted reproduction procedures.
Overall, these results demonstrate a central role for the maternal genotype in the control of early embryo cellular integrity. A severe deficiency in maintaining cellular integrity compromises embryo developmental potential. The interactions between maternal and paternal PN and the ooplasm shown here are likely to be highly relevant to other biological processes such as speciation and evolution. The synergistic interaction between a BC maternal PN and a C3H paternal PN, for example, indicates that certain combinations of alleles can lead to unfavorable consequences. This is reminiscent of the polar lethal Ovum mutant phenotype manifested in the DDK mouse strain, wherein DDK ova fertilized by an ''alien'' non-DDK strain of sperm display .95% lethality during cleavage [47] . This outcome has been accounted for, in part, by the alleles expressed in the ovum that interact negatively with alleles in the paternally inherited genome [48] [49] [50] [51] [52] . The hybrid vigor effect that we observe for F 1 ooplasm appears to counteract such negative ooplasm-paternal PN interactions. In a population of randomly breeding individuals, the specific combinations of oocyte-expressed alleles and paternally inherited alleles could influence heritability of these alleles and thereby favor the reproductive success of particular maternal and paternal genetic combinations. The predominant effect of the maternal PN in controlling blastomere integrity and the increased fragmentation with the presence of C3H alleles would seem to favor the reproductive success of favorable hybrid allelic combinations, which would complement the hybrid vigor effect observed for the ooplasm.
